The dual signal approach, i.e. a mitochondrial signal at the N-terminus and an ER (endoplasmic reticulum) or a peroxisomal signal at the C-terminus of EGFP (enhanced green fluorescent protein), was employed in transfected HeLa cells to test for a co-translational import model. The signal peptide from OTC (ornithine transcarbamylase) or arginase II was fused to the N-terminus of EGFP, and an ER or peroxisomal signal was fused to its C-terminus. The rationale was that if the free preprotein remained in the cytosol, it could be distributed between the two organelles by using a post-translational pathway. The resulting fusion proteins were imported exclusively into mitochondria, suggesting that cotranslational import occurred. Native preALDH (precursor of rat liver mitochondrial aldehyde dehydrogenase), preOTC and rhodanese, each with the addition of a C-terminal ER or peroxisomal signal, were also translocated only to the mitochondria, again showing that a co-translational import pathway exists for these native proteins. Import of preALDH sp -DHFR, a fusion protein consisting of the leader sequence (signal peptide) of preALDH fused to DHFR (dihydrofolate reductase), was studied in the presence of methotrexate, a substrate analogue for DHFR. It was found that 70 % of the preALDH sp -DHFR was imported into mitochondria in the presence of methotrexate, implying that 70 % of the protein utilized the co-translational import pathway and 30 % used the post-translational import pathway. Thus it appears that co-translational import is a major pathway for mitochondrial protein import. A model is proposed to explain how competition between binding factors could influence whether or not a cytosolic carrier protein, such as DHFR, uses the co-or post-translational import pathway.
INTRODUCTION
Protein trafficking has been investigated in both prokaryotes and eukaryotes for many years. As might be expected, the mechanism of trafficking into each subcellular organelle differs. In almost all cases, however, an amino acid sequence on the protein is involved in the recognition process. The location and nature of the signals differ among the various proteins. For example, proteins destined for the peroxisomes possess either an N-terminal signal called PTS2 (peroxisomal targeting signal 2) or a C-terminal signal called PTS1 [1, 2] . PTS1 is also used for targeting of proteins to glycosomes and glyoxysomes [3] . In contrast, proteins destined for the mitochondria typically have an extension of amino acids only at their N-terminal end [4, 5] . There appear to be at least two different ways that a protein can be trafficked to the ER (endoplasmic reticulum): one uses a signal located at the C-terminal end of the protein, and the other uses a signal that is located at the N-terminal end [6] . The latter requires a complex mechanism that involves a docking protein referred to as the signal recognition particle receptor [7] [8] [9] .
The point during protein translation at which trafficking occurs has not been fully established. That is, does trafficking occur while the protein is still being synthesized, or does it occur only after the entire protein has been made? Obviously, if the signal is located at the C-terminal end of the protein, it is not possible for the protein to associate with the organelle's import apparatus until
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the entire protein has been synthesized and leaves the ribosome. If, though, the signal is located at the N-terminal, as one finds with most mitochondrial matrix space proteins [4, 5, [10] [11] [12] , then it is possible for trafficking to occur as the protein emerges from the ribosome. Soon after it was realized that proteins destined for the mitochondria possess signals that are located in a processable leader sequence found at its N-terminus, it became possible to perform in vitro transport studies with newly synthesized proteins [13] . The finding that import occurred under these conditions showed that the event was truly post-translational, in that the entire protein was synthesized prior to the addition of isolated mitochondria. However, during the past decade, experimental evidence has been presented showing that in vivo import could occur while the protein was being synthesized [14, 15] . Our studies have also shown that mitochondrial import in HeLa cells could be a co-translational event. We used a carrier protein possessing a signal for one organelle at its N-terminus (mitochondria) and a different signal for another organelle at its C-terminus (ER), and found the protein only in mitochondria. The interpretation of this observation was that import in transfected HeLa cells could be a co-translational event [16] .
The carrier protein employed in the previous HeLa cell experiment was GFP (green fluorescent protein), and only one mitochondrial leader sequence, from rat liver ALDH (aldehyde dehydrogenase), was used. Here we expand the study to use various mitochondrial proteins, as well as different leader sequences fused to EGFP (enhanced GFP). A peroxisomal C-terminal signal was also used, in addition to the ER one used in the original experiments. The purpose was to establish how general the cotranslational model that we proposed is. Lastly, DHFR (dihydrofolate reductase) was used as a carrier protein, so that import could be studied in the presence of methotrexate, a drug that binds irreversibly to folded DHFR [17] [18] [19] . This system was employed to eliminate the possibility that differential rates of import into respective organelles could have contributed to the finding of only mitochondrial import in the dual signal construct. The data presented show that a co-translational import model can best explain the results obtained with these various precursor proteins.
MATERIALS AND METHODS

Reagents
The pEGFP-N1 vector was purchased from Clontech; primers were from IDT, Inc.; restriction enzymes and T4 DNA ligase were from New England Biolabs; DMEM (Dulbecco's modified Eagle's medium), calf serum, trypsin-EDTA and antibiotics were from Gibco BRL; PolyFect Transfection Reagent was obtained from QIAGEN; methotrexate was purchased from Sigma; anti-HA (haemagglutinin) monoclonal antibody was from Covance; horseradish peroxidase-conjugated goat anti-mouse antibody was purchased from Amersham Pharmacia Biotech; anti-porin and anti-Erp57 were from Molecular Probes and Stressgen respectively; FITC-conjugated goat anti-(mouse IgG) was from Southern Biotechnology Associates, Inc.; chemiluminescence detection reagents and X-ray film were obtained from Perkin Elmer Life Sciences, Inc.; nitrocellulose membranes were from Schleicher and Schuell Inc.; Complete Protease Inhibitor Mixture was from Roche, Inc.
Construction of plasmids
The presequence of preOTC (precursor of human liver ornithine transcarbamylase) plus the first 10 amino acid residues from its mature region, or the presequence of preAII (precursor of human liver arginase II) plus the first five amino acids from its mature region, was fused to the N-terminus of EGFP (a variant of native GFP) by the splicing by overlap extension PCR method [20, 21] . PCR primers were designed to clone the products into pEGFP-N1. The PCR products were digested with BglII/NotI and subcloned into the pEGFP-N1 vector to make pOTC-EGFP-N1 and pAII-EGFP-N1. The PCR products preOTC sp -EGFP-ER, preOTC sp -EGFP-SKL, preAII sp -EGFP-ER and EGFP-SKL were also constructed by the same method and cloned into the pEGFP-N1 vector (the sp subscript denotes the signal peptide of the preprotein indicated, -ER denotes the addition of a 40-aminoacid peptide that targets the protein to the endoplasmic reticulum, and -SKL denotes addition of the three amino acids Ser-Lys-Leu, which target the protein to the peroxisome). The pEGFP-N1 and pEGFP-ER vectors were described in a previous study [16] .
Two primers encoding the HA-tag amino acid sequence with a stop codon and SpeI, EcoRV, MluI and ScaI sites were annealed and cloned into the pEGFP-N1 vector already digested with AgeI/ NotI, to make the plasmid pHAC. To make the pHAER construct, a PCR product containing the ER targeting signal from rat microsomal ALDH3 was digested with ScaI/NotI and cloned into ScaI/ NotI-digested pHAC vector. For ALDH, the PCR product encoding either preALDH or mature ALDH was digested by KpnI/ BamHI and inserted into KpnI/BamHI-digested pHAC or pHAER. For rhodanese and OTC, the PCR products were digested with SalI/XmaI and inserted into SalI/XmaI-digested pHAC or pHAER. Using the same restriction enzymes, rhodanese-( 2-30) (a rhodanese variant lacking residues 2-30 that is not imported to mitochondria [22] ) was also inserted into pHAC or pHAER. For DHFR, the PCR products encoding either DHFR or rat preALDH leader sequence fused to DHFR were digested with KpnI/BamHI and inserted into KpnI/BamHI-digested pHAC or pHAER.
To make the constructs containing a C-terminal peroxisome targeting signal, a PCR product encoding the amino acid sequence of the HA tag and an additional serine-lysine-leucine sequence followed by a stop codon was digested with AgeI/NotI and exchanged into all constructs with the C-terminal ER targeting signal. All DNA fragments obtained from PCR were confirmed by DNA sequencing.
Cell line and culture conditions
HeLa cells were provided by Dr Steven Broyles (Department of Biochemistry, Purdue University). The HeLa cells were cultured in DMEM supplemented with 10 % (v/v) calf serum and 10 µg/ ml gentamycin at 37
• C and 5 % CO 2 . Transfection was performed as described previously [16] .
Direct observation of EGFP fluorescence in cultured cells
This work was performed as described in [16] .
Immunofluorescence assay
Transfected and non-transfected HeLa cells were plated on to 10-well slides. The slides were fixed in acetone/methanol (50:50, v/v) at − 20
• C for 7 min and then incubated in 20 % (v/v) goat serum/PBS at 4
• C overnight. The primary antibody for HA was used at 1:1000 dilution, and the slides were incubated at room temperature for 1 h. The unbound primary antibody was removed by washing the slides three times with PBS. The slides were then incubated with FITC-conjugated goat anti-mouse antibody at room temperature for 30 min; the secondary antibody was used at a 1:200 dilution. Excess secondary antibody was removed by washing the slides three times in PBS. Fluorescence microscopy was performed using an Olympus BX60 Fluorescence Microscope.
Immunoblot analysis
Whole-cell extracts were separated by SDS/PAGE and electrotransferred on to a nitrocellulose membrane. Monoclonal antibodies against GFP and the HA-tag were used. Horseradish peroxidase-conjugated goat anti-mouse antibody or alkaline phosphatase-conjugated anti-mouse antibody was employed as the secondary antibody by using standard methods.
Subcellular fractionation of HeLa cells
Culture and transfection of HeLa cells were performed as described above. Between 16 and 24 h after transfection, the cells were washed twice with ice-cold PBS, harvested, and then resuspended in ice-cold 5 mM Hepes, pH 7.4, containing 0.32 M sucrose. Subcellular fractionation was performed as described [16, [23] [24] [25] [26] . The different fractions were analysed by Western blot using anti-EGFP antibody. Antibodies against porin and Erp57 were used as mitochondrial and ER markers respectively.
Effect of methotrexate on the import of preALDH sp -DHFR in HeLa cells
Approx. 1.6 × 10
6 HeLa cells were placed on 10 cm plates in 8 ml of growth medium (DMEM plus 10 % calf serum) the day before transfection. The cells, which were 40-80 % confluent on the day of transfection, were transfected with 6 µg of plasmid DNA at 37
• C using PolyFect Transfection Reagent. At 4 h after transfection, methotrexate was added to a final concentration of 0, 0.2, 0.5 or 1 mM. Between 16 and 24 h after the addition of methotrexate, the cells were harvested for immunofluorescence microscopy using an Olympus BX60 Fluorescence Microscope and Western blotting.
RESULTS
Subcellular localization of chimaeras containing different signal peptides fused to EGFP detected by fluorescence microscopy and subcellular analysis in transfected HeLa cells
Previously, we showed that when both a mitochondrial and an ER signal were fused to EGFP, the resulting protein was translocated only to mitochondria, with no ER localization being observed [16] . To explain this, it was proposed that this construct was imported by a co-translational import pathway. We were interested to determine if other preproteins also follow the co-translational pathway. PreOTC and preAII were used for this purpose. These preproteins were selected because both are inducible enzymes, in contrast with ALDH, which is a constitutive enzyme. The mammalian expression vectors pOTC-EGFP and pAII-EGFP were used to transfect HeLa cells. After 16-24 h of transfection, GFP was localized to what appeared to be mitochondria (Figures 1a and 1b). As a control, HeLa cells were transfected with EGFP; after expression, green fluorescence appeared throughout the cell, indicative of non-specific localization of the protein (Figure 1c ). To determine if the import mechanism was co-translational or post-translational, we took the advantage of our previously published method that utilized two different signals fused to EGFP [16] . The C-terminal signal peptide of microsomal ALDH, necessary for ER targeting, was fused to both preOTC sp -EGFP and preAII sp -EGFP to make preOTC sp -EGFP-ER and preAII sp -EGFP-ER respectively. When these two proteins were expressed in HeLa cells, only mitochondrial fluorescence was observed (Figures 1d and 1e ). To verify that the ER signal could be active in vivo, EGFP possessing only the ER signal was expressed in HeLa cells. Now the fluorescence appeared to be associated with the ER (Figure 1f ), confirming that the ER targeting signal could function independently. Thus it appeared that, like preALDH sp -EGFP-ER [16] , both preOTC sp -EGFP-ER and preAII sp -EGFP-ER followed the co-translational import pathway.
To confirm that preOTC sp -EGFP-ER and preAII sp -EGFP-ER were imported into mitochondria only, the intracellular distributions also were analysed by subcellular fractionation. The separation of a mitochondria-rich fraction from the ER was confirmed by using Western blots of marker proteins. For the mitochondrial fraction, a monoclonal antibody against human mitochondrial outer-membrane porin was used, and anti-Erp57 was used as a marker for the ER. In Figure 2 , it is shown that a monoclonal antibody against EGFP recognized the protein fraction obtained only from mitochondria, and this fraction was also recognized by the antibody against porin. The ER fraction obtained from this experiment was verified by blotting with anti-Erp57. For the EGFP-ER construct, the antibody against EGFP recognized the proteins obtained from the ER fraction. This fraction was also recognized by the antibody against Erp57 (Figure 2) . Here also the mitochondrial fraction was verified by blotting with antiporin (results not shown). Therefore the subcellular localization analysis indicated that EGFPs possessing the dual signals were transported primarily to mitochondria. These findings support the immunofluorescence data, indicating that a co-translational import pathway could exist for these two constructs.
A C-terminal peroxisomal signal was then used in the dual leader study to determine if a different C-terminal signal would affect subcellular localization. SKL (Ser-Lys-Leu), the tripeptide Cterminal signal involved in peroxisomal protein import [2] , was fused to the C-terminus of preOTC sp -EGFP to produce preOTC sp -EGFP-SKL. What appeared to be a mitochondrial localization was observed in HeLa cells expressing this chimaeric protein that contained both signals (Figure 1g ). When EGFP-SKL, a chimaeric protein containing only the peroxisomal signal, was expressed, green fluorescence was localized in what appeared to be the peroxisome (Figure 1h ). Since the appearance of mitochondrial and peroxisomal localization did not differ much, immunoblot assays were performed to distinguish between mitochondrial and peroxisomal localizations (see below). Independent of the leader sequence or the C-terminal targeting signal, all of the dual-leader-containing proteins were found exclusively in mitochondria, consistent with what we demonstrated previously [16] .
Subcellular localization of native preproteins in transfected HeLa cells detected by fluorescence microscopy
In the previous section, EGFP was used as the passenger protein.
To rule out any effect of EGFP, a rapidly folding protein [27] , on the import of different chimaeric proteins, we used native precursor proteins. The HA-tag was fused to the C-terminus of each preprotein to allow us to detect them by immunofluorescence using a FITC-conjugated secondary antibody against the anti-HA monoclonal antibody. Native mature mitochondrial proteins without a leader sequence were distributed throughout the whole cell, as detected by fluorescence microscopy (results not shown), showing that no specific targeting to any subcellular organelle was observed for constructs lacking a leader sequence. In contrast, mitochondria-associated fluorescence was observed for cells expressing the native precursor mitochondrial proteins preALDH (Figure 1i ), rhodanese ( Figure 1j ) and preOTC (Figure 1k ). ERspecific fluorescence (a lacy network of membranes surrounding the nucleus [16] ) was observed when the ER targeting signal was fused to the mature part of preALDH, preOTC or rhodanese-( 2-30) [22] (Figures 1t, 1u and 1v) . Similarly, when the peroxisome targeting signal was fused to the mature part of preALDH and preOTC or to rhodanese-( 2-30), the fluorescence was localized in what appeared to be peroxisomes (bright dots surrounding the nucleus) (Figures 1l, 1m and 1n ). The cells expressing the constructs with dual leaders (the mitochondrial leader at the Nterminus and either the ER or the peroxisome signal at the C-terminus) showed fluorescence only in the mitochondria, with no detectable fluorescence associated with the ER or peroxisome (Figures 1o-1s) . Since mitochondria and peroxisomes are very similar in shape and size, we performed immunoblotting (see below) to differentiate between them. The leader sequences of most precursor proteins are removed by the MPP (mitochondrial processing peptidase) after their import into mitochondria. The difference in molecular mass between the precursor and the mature form was used to determine whether or not the expressed chimaeras were imported into mitochondria, similarly to what we showed previously [16] . EGFP, a 28 kDa protein, was detected using the monoclonal antibody in HeLa cell HeLa cells were cultured on coverslips and transfected with 2.5 µg of plasmid DNA. Fluorescence microscopy was used to localize the EGFP constructs. HA-tagged proteins were detected using immunofluorescence. The expressed proteins that lacked a mitochondrial signal were distributed throughout the cell, including the nucleus. The proteins with mitochondrial signals were localized to mitochondria, and are seen as either small dots or long cylinders. The absence of fluorescence in the cytosol and nucleus is indicative of efficient mitochondrial import. The proteins that had only an ER or peroxisomal signal were localized to the ER, appearing as a lacy network of membranes, or the peroxisome, appearing as bright dots. extracts after the cells were transfected with the pEGFP vector. This protein was used as a molecular mass marker protein in subsequent Western blots (Figure 3) . PreOTC sp -EGFP, preOTC sp -EGFP-ER, preAII sp -EGFP and preAII sp -EGFP-ER were expressed separately in HeLa cells. The data show that the leader sequence was removed from each of them ( Figures 3A and 3B ). This implies that these proteins were localized to the mitochondrial matrix space. Similarly, preOTC sp -EGFP-SKL after expression had a molecular mass identical to what would be expected after removal of the leader sequence ( Figure 3C ). Western blot analysis showed that these constructs were all processed, implying that they must have been imported into the mitochondria independent of their C-terminal sequence.
A similar set of experiments using native mammalian proteins was performed. The molecular mass of preALDH or preALDH sp -SKL is approx. 57 kDa; after import into the mitochondria, the leader sequence would be removed by MPP so that the molecular mass of the protein would be decreased to 55 kDa. The molecular mass of preALDH sp -ER is approx. 61 kDa, and that of mature ALDH-ER protein is 59 kDa. HeLa cells expressing
Figure 2 Western blot analysis of preOTC sp -EGFP-ER, preAII sp -EGFP-ER and EGFP-ER expressed in HeLa cells and after subcellular fractionation
Subcellular fractionation was described in the Materials and methods section. Different organelles were subjected to Western blot analysis. PreOTC sp -EGFP-ER, preAII sp -EGFP-ER and EGFP-ER were each transfected into HeLa cells and detected by the anti-EGFP antibody. Human porin was detected using its monoclonal antibody, and served as a mitochondrial marker. Anti-Erp57 antibody was used as an ER-specific marker. Lanes a, b, c and d represent nucleus-, mitochondria-, ER-and cytosol-rich fractions respectively. preALDH ( Figures 4A, lane b) or preALDH sp -SKL ( Figure 4A , lane f) each produced a 55 kDa protein band, indicating that these proteins must have been imported into mitochondria and the leader sequences removed by MPP. The molecular mass found for ALDH-ER expressed in HeLa cells was 59 kDa, as expected for the construct associating with the ER (Figure 4A , lane e). The mass of ALDH-SKL expressed in HeLa cells was 55 kDa, as expected for this construct ( Figure 4A, lane g) . A processed protein of 59 kDa was observed from cells expressing preALDH sp -ER, indicative of leader sequence removal by MPP and hence mitochondrial localization ( Figure 4A, lane d) . These results suggest that, since the molecular masses of the products were those of the expected imported and processed proteins, preALDH sp -ER and preALDH sp -SKL were localized exclusively in the HeLa cell mitochondria. No precursor-size proteins were observed by Western blotting of HeLa cells expressing preALDH, preALDH sp -ER or preALDH sp -SKL, suggesting that the precursor proteins did not remain in the cytosol, nor were they translocated to the ER or peroxisomes. Again, cells expressing preOTC, preOTC sp -ER or preOTC sp -SKL produced protein bands after SDS/PAGE corresponding to the sizes of the processed products, indicating that each protein was localized to mitochondria. No protein bands corresponding to the sizes expected for ER or peroxisome localization were detected ( Figure 4B ).
Import of preALDH sp -DHFR into HeLa cell mitochondria in the presence of methotrexate
The results obtained led us to conclude that import was primarily a co-translational event. However, we cannot rule out the possibility that the rate of import into mitochondria was much higher than were the rates of ER or peroxisomal import. If this were case, almost all of the dual leader proteins would be found in mitochondria even though they followed the post-translational pathway. To rule out this possibility, we changed the carrier to DHFR and studied import in the presence of methotrexate. This drug is a substrate analogue and binds essentially irreversibly to DHFR. If DHFR were free in the cytosol, an event necessary for the posttranslational import pathway, then it would bind the drug and would be in an import-incompatible conformation. It has already been shown that methotrexate prevented the in vitro import of a chimaera consisting of the signal peptide of cytochrome oxidase subunit IV fused to DHFR [17] [18] [19] . The most likely reason is that the drug can stabilize the folded state, a conformation that is not compatible with import. However, it was reported that methotrexate did not inhibit the import of this fusion protein in yeast cells, strongly suggesting that co-translational import occurred [14, 15] .
HeLa cells were transfected with preALDH sp -DHFR-or DHFR-expressing plasmids. Methotrexate was added to the cells after 4 h of transfection and the cells were then incubated for 16-24 h. The methotrexate-treated cells were harvested and immunoblot analysis was performed to determine if methotrexate affected the import of preALDH sp -DHFR. Untreated cells were harvested to serve as a control.
Two protein bands were observed from methotrexate-treated cells after Western blot ( Figure 5A ). One had a molecular mass of approx. 27 kDa, corresponding to the size of preALDH sp -DHFR; the other was 25 kDa, corresponding to the size of mature protein (DHFR plus 20 amino acids from mature ALDH). The presence of preALDH sp -DHFR implied that some of the precursor protein was not imported into mitochondria; if it were, it would have been processed. The non-processed protein was probably bound to methotrexate and hence remained in the cytosol. The ratio between the precursor form and the imported mature form was approx. 3:7; this ratio was found to be independent of the three different methotrexate concentrations employed. In the absence of methotrexate, > 95 % of the precursor protein was imported and processed ( Figure 5A, lane c) .
A possible explanation for the presence of the precursor form of preALDH sp -DHFR in the cell extract is that methotrexate affected the general mitochondrial import machinery. In order to rule out this possibility, the experiment was performed with a native preALDH construct in the presence of the drug. Only processed ALDH was detected by Western blot analysis (results not shown). The absence of preALDH showed that methotrexate did not inhibit the general import machinery. This means that the existence of some precursor proteins in the presence of the drug was the result of import not being exclusively co-translational. We cannot, however, from these data exclude the possibility of a scenario where the drug binds to folded DHFR outside the mitochondria (a post-translational pathway) and only the leader portion of the DHFR construct enters the mitochondrial matrix, where it is processed by the MPP. If this were occurring, immunoblotting of the whole-cell extract would not allow us to conclude that processed DHFR would be only in the mitochondrial matrix. To exclude this possibility, after transfection of HeLa cells with preALDH sp -DHFR in the presence of 1 mM methotrexate, subcellular fractionation and immunofluorescence microscopy was performed. Immunobloting was carried out with nucleus-, mitochondria-, ER-and cytosol-rich fractions. Only the mitochondrial fraction showed positive interactions with the anti-HA antibody (Figure 5B) , suggesting that preALDH sp -DHFR was transported into mitochondria even in the presence of the drug. Immunofluorescence microscopy with the anti-HA antibody and FITC-linked secondary antibody showed that the green fluorescence was localized only in the mitochondria ( Figure 5C ). These data support the notion that preALDH sp -DHFR was imported into the mitochondria in the presence of methotrexate. Hence a co-translational import model is most suitable to explain how the proteins entered the mitochondria. The molecules remaining in the cytosol in the presence of methotrexate must have followed the post-translational pathway.
DISCUSSION
Pioneering work from the Schatz [28] and Neupert [13] laboratories demonstrated that proteins produced in an in vitro translation system could be imported into isolated mitochondria, and hence the post-translational import pathway was established. The necessity of heat shock proteins strengthened the idea of the posttranslational pathway [29] [30] [31] [32] . During the past decade we, among others, have occasionally found a precursor protein that was not imported under the in vitro assay conditions. For example, the leader from preALDH would not allow EGFP to be imported [33] , and we found that isopropylmalate synthase 4 could not be imported into isolated mitochondria [34] . It is possible that the leader interacted with the mature portion of the protein so that it was not available to bind to the import apparatus [35] . Alternatively, it is possible that the mature portion of the protein affected the conformation of the leader, such that a stable helix, a presumed prerequisite for import, could not form. A still different explanation for the finding that not all precursor proteins could be imported in vitro is that, for some, folding is faster than import. This implies that the only way these proteins could be imported in vivo would be by a co-translational import mechanism. Cotranslational import implies that the precursor is not free in the cytosol, and might be imported as it is coming off the ribosome.
Among the first experimental evidence showing that mitochondrial import could be co-translational came from Verner's laboratory [15] . They showed that methotrexate did not inhibit the in vivo import of a chimaera consisting of the signal peptide of cytochrome oxidase subunit IV fused to DHFR in yeast cells, whereas it inhibited in vitro import into isolated yeast mitochondria. They concluded that the in vivo import commences before complete synthesis of the precursor protein, i.e. that it followed a co-translational pathway [15] . Crowley and Payne [36] came to a similar conclusion when they observed that ribosomes were bound to mitochondria. More recently, MacKenzie and Payne [37] , using a different approach, again proposed that co-translational import occurs, as did Funfschilling and Rospert [38] . A genomic approach was used by Marc et al. [39] to conclude that a cotranslational import pathway should exist.
Our laboratory employed a two-signal system to investigate whether co-translational import could occur in vivo in HeLa cells. EGFP was used as a carrier protein; a mitochondrial leader sequence was placed at the N-terminus, and an ER signal was placed at the C-terminus, of EGFP. The rationale was that if the proteins were free in solution after synthesis, then a portion would be found in both organelles. The green fluorescence was found only associated with mitochondria [16] , inconsistent with a posttranslational pathway.
In the above-mentioned in vivo import experiments with HeLa cells, the preALDH mitochondrial leader fused to EGFP-ER was used. In the present study, we used the leader peptides from preOTC and preAII fused to EGFP-ER. After expression, both were found only in mitochondria, with no ER-associated fluorescence being detected. This showed that, like preALDH sp -EGFP-ER, these two precursor proteins also followed the co-translational import pathway. We next used a C-terminal peroxisomal signal to examine if it altered the import pathway of the dual-leader-containing proteins. PreOTC sp -EGFP-SKL was found only in mitochondria, showing that it too followed the co-translational import pathway. These data indicated that a co-translational import mechanism could occur independent of both the leader sequence and the signal attached to the C-terminus of EGFP.
EGFP was used as a carrier protein in the in vivo import into HeLa cell mitochondria, to facilitate detection using fluorescence microscopy. EGFP, however, is a very rapidly folding protein [27] , and its folding may affect the import pathway of the different proteins employed. To exclude that possibility, native preALDH, preOTC and rhodanese were used in the present study. The three preproteins contained their native mitochondrial N-terminal signal, and either an ER or an SKL signal was placed at their C-terminus. The data obtained from microscopy and immunoblotting analysis made it appear that these fusion proteins were translocated only to the mitochondria. This showed that the native proteins were also imported using the co-translational mechanism, just as we found with the EGFP adducts.
The methotrexate experiments with DHFR adducts were designed in order to rule out the possibility that only mitochondrial import was found because of differential rates of import into the organelles. We used methotrexate to bind DHFR in order to inhibit any post-translational mitochondrial import of preALDH sp -DHFR in HeLa cells. The observation that just 70 % of the total protein (preALDH sp -DHFR) was processed due to translocation to the mitochondrial matrix was unexpected. The unprocessed protein fraction must have been located in the cytosol, since no unprocessed protein was found in the mitochondria. The drug should not have affected the localization of the protein if only a co-translational import pathway was being followed. If import followed only a post-translational import pathway, then the drug should have completely prevented the protein from being imported to the matrix space, independent of the rate of import into individual organelles. Since the drug did not inhibit the general import machinery, it is suggested that 70 % of this preprotein followed the co-translational pathway. The 30 % of the DHFR adduct found in the cytosol must have been free to bind methotrexate, and hence could not be imported.
The following argument can be offered to explain why only 70 % of the protein was found in mitochondria in the presence of methotrexate, compared with > 95 % in its absence. First, we can conclude that 70 % of the precursor protein was imported by the co-translational mechanism. The other 30 % could have gone into the cytosol and initially remained in an unfolded state. A portion of the unfolded protein might use the post-translational pathway to be imported. Any fraction that became stably folded would remain in the cytosol. In the absence of methotrexate, the rate of import of the DHFR adduct seems dominant, as only at most a small percentage of the protein remained in the cytosol. In contrast, when methotrexate was present, the DHFR in the cytosol became folded and was not imported into mitochondria.
When using two localization signals attached to a protein, only mitochondrial localization was found. Based on the methotrexate results, one might have expected to have observed some nonmitochondrial localization, since 30 % of the two-leader protein might have followed the post-translational import pathway, as we found with the DHFR adduct. Although we cannot offer a definitive explanation for this difference, we propose that it might be related to DHFR being a cytosolic enzyme. It is known that Hsp70 (heat shock protein 70) is involved in keeping a protein unfolded [31] . We have shown that if the leader sequence from ALDH was fused to the liver cytosolic isoenzyme of ALDH, very little in vitro import occurred [40] . If, however, the first 21 amino acids from the mature portion of the mitochondrial enzyme replaced the first 21 residues of the cytosolic isoenzyme, then import was restored. An explanation for this observation is that a cytosolic factor, perhaps a heat shock protein, may bind to the newly synthesized protein as it is coming off the ribosome [40] . If the protein is one that should remain in the cytosol, the factor that binds to it will differ from that which binds if the protein is destined for the mitochondrial matrix space. In the case of the natural precursor proteins used in the present study, only mitochondrial import was found, consistent with the concept that either a true co-translocation event occurs or the cytosolic factor that might bind to them prevents the proteins from becoming totally free in the cytosol. This binding protein could function in an analogous manner to a docking protein necessary for ER binding [7] . In contrast, when a cytosolic protein such as DHFR is employed, there could be competition between binding factors, such that a portion of protein is found in each subcellular location. Results obtained with EGFP, a non-mammalian cytosolic protein, were identical with those obtained with mitochondrial proteins. It is possible that EGFP is not readily recognized by factors that could facilitate its folding.
The mechanism for co-translocation might have to be altered from a simple model whereby, during synthesis, the leader interacts with the import apparatus, to a model that includes a 'dockinglike' factor that actually assists in precursor binding to the mitochondrial membrane. This model supports the recent report that the cytosolic chaperones Hsp90 and Hsp70 deliver the preproteins to the mitochondrial import receptor Tom70 (translocase of the outer membrane of mitochondria 70) [41] . The authors proposed that Hsp90 and Hsp70 dock with Tom70, a mitochondrial outer membrane protein, and that this docking helps preproteins to be translocated subsequently to mitochondria [41] .
We previously reported in vivo import via a co-translational pathway when EGFP was the carrier [16] . Here we report that at least 70 % of protein is imported by the co-translational mechanism when measured with DHFR. Fujiki and Verner [14, 15] showed that the bulk of in vivo mitochondrial import was blocked upon the arrest of cytosolic protein synthesis by cycloheximide. This result can be interpreted to indicate that translation and translocation are tightly coupled. Using a different approach, these authors showed that treatment of yeast cells with a proton ionophore to collapse the mitochondrial membrane potential resulted in the cytosolic accumulation of precursor proteins. After re-establishment of the membrane potential, some, but not all, precursor proteins were imported. This suggested that, for some preproteins, cotranslational import might be the only pathway for their import.
We cannot state what fractions of the preproteins use the cotranslational pathway. The accumulated data, including those from the present study, make it appear that the co-translational
